Apoptosis is an important mechanism in the regulation of tissue homeostasis and, in the liver, it is an important feature of diVerent pathological conditions. 1 An important method for visualising apoptotic cells is the terminal transferase uridyl nick end labelling (TUNEL) method, described by Gavrieli et al, 2 although this method fails to discriminate between apoptosis and necrosis. 3 Bile duct ligation induces marked proliferation of ductular epithelial cells 4 5 and these hyperplastic ductules regress rapidly after biliary decompression by Roux-en-Y biliary anastomosis. 6 Morphologically, this can be seen to be the result of apoptosis. 7 We were interested in applying the TUNEL assay to measure apoptosis after biliary decompression but found an undue dependence of the number of apoptotic cells on the time of incubation with proteinase K, a step required to render the nuclear DNA fragments accessible to the terminal transferase. We hypothesised that this phenomenon was the result of DNA nicking by endogenous endonucleases set free by the proteinase K treatment.
Materials and methods

ANIMAL TREATMENT
Male Sprague-Dawley rats were obtained from Süddeutsche Versuchstierfarm Hartmut and Voss (Tuttlingen, Germany) and were kept under a 12 hour light-dark cycle with free access to standard rat feed and tap water. Biliary cirrhosis was induced by bile duct ligation and dissection according to Kontouras et al, 4 as described previously by our laboratories. 5 Biliary decompression was performed by a Roux-en-Y biliodigestive anastomosis as described previously. 6 To induce acute hepatocyte necrosis, CCl 4 was given by gavage (CCl 4 in corn oil (1/4 vol/vol) 2 ml/kg of body weight); studies were performed 24 hours after intoxication. 3 All animal experiments had been approved by the State Board on Ethics in Animal Experimentation following strict international guidelines.
Organs (liver, thymus, and intestine) were obtained under phenobarbital anaesthesia (50 mg/kg intraperitoneally) and were immer-sion fixed immediately in buVered formaldehyde (4% vol/vol). Liver tissue was subjected to systematic random sampling 8 for stereological analysis, as described previously. 5 After dehydration, tissues were embedded in paraYn wax and cut into 4-6 µm sections.
TUNEL ASSAY
The assay was performed as described by Gavrieli et al. 2 The paraYn sections were stuck on to glass slides with cement (Cementit weiss, 5% in distilled water; Merz and Benteli SA, Niederwangen, Switzerland), dewaxed with xylene, and rehydrated through a series of decreasing concentrations of ethanol. Next, the slides were partially digested with proteinase K (10 µg/ml; Boehringer Mannheim, Mannheim, Germany) in Tris/HCl buVer (20 mmol/l, pH 8.1) containing EDTA (5 mmol/l) at 37°C for up to 60 minutes; digestion was stopped with H 2 O and the slides were washed four times in distilled water.
Thereafter, the sections were incubated for 90 minutes at 37°C with terminal deoxyribonucleotidyl transferase (75 U/ml) and digoxigenin-11-dUTP (5 nmol/ml) in potassium cacodylate buVer (200 mmol/l; pH 8.0) containing serum bovine albumin (50 µg/ml) and CoCl 2 (2.5 mmol/l). After 90 minutes, the slides were washed with SSC buVer (150 mmol/l NaCl, 15 mmol/l sodium citrate, pH 7.0), followed by Tris/HCl (10 mmol/l, pH 8.2) in 150 mmol/l NaCl. Non-specific binding was blocked with the blocking reagent from Boehringer Mannheim (for nucleic acid hybridisation and detection) for 30 minutes at room temperature. Labelled nick ends of DNA strands were visualised with the alkaline phosphatase reaction, using Fab fragments against digoxigenin linked to alkaline phosphatase, and fast red chromogen as a substrate (Boehringer Mannheim). The reaction was stopped after 15-30 minutes by washing with H 2 O. Slides were counterstained lightly with haematoxylin. To inhibit interfering enzyme activities, after dewaxing, the slides were incubated in an ethanolic solution of diethyl pyrocarbonate (DEPC; 4% vol/vol) for 30 minutes at 4°C, after which the procedure described above was carried out. In another set of experiments, digestion was carried out with pepsin (0.5% wt/vol) in HCl (0.1 mmol/l) and NaCl (0.1 mmoles/l) instead of proteinase K.
As a positive control, DNA nicks were induced by incubation of the slides with DNAase I (Boehringer Mannheim), as proposed by Wijsman et al. 9 After digestion with proteinase K, the slides were washed twice with Tris/HCl (10 mmol/l, pH 8.1) in 150 mmol/l NaCl, and then incubated with DNAase I (0.2 µg/ml) in Tris/HCl (10 mmol/l, pH 7.4) containing NaCl (10 mmol/l), MgCl 2 (5 mmol/ l), CaCl 2 (0.1 mmol/l), and KCl (25 mmol/l) for 15 minutes at 37°C. Further processing was as described above.
ENDOGENOUS NUCLEASE ACTIVITY DNA digestion by proteinase K and endogenous endonucleases was assessed as follows: untreated tissue slides and slides pretreated with DEPC were incubated for 24 hours at 37°C with Tris/EDTA buVer containing genomic DNA (1 µg/ml) and proteinase K (10 µg/ml). Control slides were incubated under the same conditions with DNA alone. To assess whether proteinase K had DNAse activity, it was incubated with DNA under similar conditions but without exposure to tissue. After incubation, 200 µl of the incubation solution was used for extraction of DNA. DNA extraction was performed with phenol/ chloroform and precipitation was performed with ethanol. 10 DNA was then dissolved in Tris/EDTA buVer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5). Aliquots (1 µg) of DNA were characterised by electrophoresis in a 0.8% agarose gel containing Tris/borate/EDTA buVer and ethidium bromide. Gels were run at 100 V for 45 minutes and were then photographed under UV light.
DATA AND STATISTICAL ANALYSIS
The volume fraction of TUNEL positive cells was quantified by a point counting procedure 11 as described previously.
5 TUNEL positive cells were counted similarly and related to the volume fraction of the cell population under consideration (bile duct epithelial cells). Results are reported as mean (standard deviation (SD)). Mean values from diVerent groups were compared by analysis of variance.
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Results
In control liver, less than one in 1000 cells exhibited features of apoptosis in haematoxylin and eosin stained sections using the criteria of Kerr. 13 In contrast, using the standard TUNEL assay, up to 20% of cells stained positive, most of them in the absence of related morphological features of apoptosis, in particular condensation of chromatin at the nuclear membrane ( fig 1A) . DiVerent factors that could be responsible for this false positive staining were investigated. Replacing proteinase K with pepsin as proposed by Wijsman and colleagues 9 gave identical results. Performing a time course of incubation with proteinase K showed no positive cells with an incubation of up to 30 minutes; thereafter, there was a linear increase in cell positivity, with all cells becoming positive after 45 minutes. However, the percentage of positive cells varied greatly from one batch to another, making standardisation of proteinase K treatment impossible (fig 2) . This non-specific DNA degradation was not caused by proteinase K because incubation of DNA with proteinase K did not induce DNA degradation (fig 3) . In contrast, there was some spontaneous DNA degradation when DNA was incubated with tissue sections pretreated or not with DEPC (fig 3) . When the complete procedure including proteinase K treatment was performed on pretreated and untreated tissue sections, it became evident that DEPC almost completely inhibited DNA degradation by these putative endogenous endonucleases (fig 3) . Therefore, the TUNEL procedure was modified by inclusion of an inactivation step with DEPC as described in the methods section. Mounting the sections with cement proved to be crucial because silanised slides (which are often used in in situ hybridisation) prevented the inactivating eVect of DEPC (data not shown). Pre-incubation of the slides with DEPC abolished the false positive staining completely: only cells with clear features of apoptosis stained positive in the TUNEL assay ( fig 1B) . Accordingly, stereological analysis of the involution of bile duct epithelial cells was parallelled by a wave of apoptosis (table 1) .
Even more rewarding is the fact that DEPC pretreatment eliminated false positive staining in necrosis ( fig 1C) induced by acute CCl 4 intoxication (fig 1D) , in contrast to the conventional TUNEL assay reported by GraslKraupp et al. 3 In addition, in the intestine, there were many false positive cells and a strong reaction caused by the endogenous alkaline phosphatase of the brush border (fig 1E) , which was eliminated by pretreatment with DEPC ( figure 1F ). However, thymus and mammary gland were found to be insensitive to DEPC pretreatment (data not shown).
Discussion
Apoptosis is a common mode of cell death in diVerent liver diseases.
14 DNA laddering is considered to be the hallmark of apoptosis 15 and it is detected most reliably by gel electrophoresis, where a characteristic laddering pattern is seen, which results from cleavage of DNA into strands of about 200 kilo bases in length. 16 Even though it occurs late in the process, it is considered to be one, if not the most, valuable feature for the detection of cell death by apoptosis 14 17 18 ; however, it cannot be demonstrated in all experimental settings. 19 Furthermore, the method cannot be applied to archival, paraYn wax embedded material. Therefore, the TUNEL assay developed by Gavrieli and colleagues 2 is widely used because it permits in situ visualisation of DNA cleavage by inserting a marker at the 3' nick end. The lack of specificity of the method is obvious because terminal transferase (the enzyme used to perform the nick end labelling) will recognise any 3' nick ends, regardless of their origin. This is because unlike all other DNA polymerases, terminal deoxyribonucleotidyl transferase does not require template instruction for polymerisation. 20 This is exemplified by the study of GraslKraupp et al, who were unable to diVerentiate between necrotic, autolytic, or apoptotic cell death using the TUNEL assay.
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In attempting to quantify apoptotic bodies with the TUNEL assay, we found that proteinase K digestion-introduced into the assay to make cleaved DNA accessible to the terminal transferase-induced a rapid increase in positive nuclei and that this step could not be controlled reproducibly. This has been noted previously by another group of investigators. 9 According to their suggestion, we replaced proteinase K with pepsin; this did not abolish false positive staining, suggesting that, at least in liver, there is a general eVect of proteases on the outcome of the TUNEL assay, perhaps related to the release of endogenous endonucleases. It is known that the secondary structure of proteins remains unchanged after formaldehyde fixation 21 and alkaline phosphatase remains active in formalin fixed tissue ( fig 1E) . Therefore, we attempted to inhibit such putative endonucleases by pretreatment of the histology slides with DEPC, a nonspecific inhibitor of DNAases and RNAases commonly used in molecular biology. DEPC pretreatment abolished the false positive staining-positive cells all exhibited the morphological features of apoptosis. Moreover, DEPC pretreatment also abolished the false positive staining in necrosis induced by CCl 4 , suggesting that the proposed modification might be able to overcome the lack of specificity of the TUNEL assay.
It is of interest that not all tissues were vulnerable to proteinase digestion. In the intestine there was false positive nuclear staining and a strong reaction of endogenous alkaline phosphatase with the chromogen; both reactions were abolished by DEPC treatment. In contrast, neither thymus nor involuting mammary gland showed a false positive TUNEL reaction, which might be related to varying amounts of the putative endogenous endonucleases in diVerent organs.
DEPC did not aVect the accessibility of nuclear DNA to the terminal transferase as shown by positive staining of all nuclei in tissue sections treated with DNAse, which should be included as a positive control. 9 Finally, it should be noted that the method of gluing the tissue section to the glass slide is of utmost importance and that in particular the eVect of DEPC is abolished on silanised slides.
Bile duct ligation in the rat induces marked ductular proliferation, 4 5 which (in addition to the associated fibrosis) is reversible after biliary decompression. 6 The hyperplastic bile duct epithelial cells are removed by apoptosis, as demonstrated morphologically by Bhathal et al. 7 The data in Results (mean (SD)) were analysed by analysis of variance compared to day 0. *Significant diVerence (p < 0.05).
